Photofragment action spectroscopy and femtosecond time-resolved photoelectron imaging are utilized to probe the dissociation channels in iodide-uracil (I − ·U) binary clusters upon photoexcitation. The photofragment action spectra show strong I − and weak [U-H] − ion signal upon photoexcitation. The action spectra show two bands for I − and [U-H] − production peaking around 4.0 and 4.8 eV. Time-resolved experiments measured the rate of I − production resulting from excitation of the two bands. At 4.03 eV and 4.72 eV, the photoelectron signal from I − exhibits
INTRODUCTION
High energy radiation is capable of producing free electrons as it passes through matter, and these free electrons can generate large quantities of lower energy secondary electrons. 1 Both primary and secondary electrons can cause damage to DNA in living cells. 1 Extensive studies have shown that free electrons with energy well below the ionization potential of DNA consituents can cause both single-and double-strand breaks in DNA. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Experimental and theoretical investigations have been performed to understand the underlying DNA damage mechanism at the molecular level. Theoretical studies suggest that cleavage is initiated by electron attachment to one component of the DNA strand to form a transient negative ion, followed by subsequent fragmentation. [13] [14] [15] [16] [17] The unoccupied low-lying * anti-bonding orbitals of nucleobases and dissociative * orbital of phosphate groups are possible sites of electron capture. [13] [14] [15] [16] Experimentally, dissociative electron attachment studies of uracil find that the dominant channel at low collision energy is the production of the deprotonated nucleobase, where the H loss occurs at the nitrogen positions. 18 O-H and P=O/P-O bond breaks are also observed as a result of electron attachment to the phosphate group. 16 We have previously studied electron-nucleobase interactions by photoexcitation of gas phase iodide nucleobase (NB) anions, in which low energy electrons that are photodetached from the iodide are captured by the nucleobase, forming a temporary negative ion whose subsequent dynamics are followed by time-resolved photoelectron spectroscopy. [19] [20] [21] [22] [23] In this paper, we characterize the products of this photoexcitation in more detail, focusing primarily on the mechanism by which I − is formed by ultraviolet excitation of iodide-uracil anions.
In previous work, femtosecond pump-probe experiments based on the following excitation and detection scheme were carried out on I − ·uracil (I − ·U), 19, 21 I − ·thymine (I − ·T), 20, 22 and I − ·adenine (I − ·A) complexes. 23 An ultraviolet pump pulse photexcites the complex, forming a transient INB*ˉ species in which neutral iodine is bound to a dipole-bound (DB) or valence-bound (VB) nucleobase anion. This temporary negative anion is photodetached by a near-infrared probe pulse and the resulting photoelectron (PE) spectrum is measured. The PE spectrum enables one to determine if a DB and/or VB nucleobase anion is formed, [24] [25] [26] to follow the conversion of a DB anion to a VB anion, 27 and to measure the lifetime of either species with respect to electron loss and other possible decay channels. Experiments on I − U and I − T were performed at pump photon energies in two energy ranges: near 4.0 eV, which is very close to the vertical detachment energy (VDE) of the complexes, and around 4.7 eV, well above the VDE. Excitation at the lower energy range yields both DB and VB anions. The time-evolving spectra suggest that some of the DB states convert to VB states on a timescale of several hundred femtoseconds. At the higher energies, the VB state is formed instantaneously within the time resolution of our experiment (<150 fs), and there is no evidence for a DB state. These short-time electron attachment dynamics have been interpreted with the aid of electronic structure calculations that have considered the energetics and structure of the DB and VB anions. 26, [28] [29] [30] [31] At longer times, the DB and VB features in I − U and I − T exhibit either mono-exponential or bi-exponential decay. One of these decay channels was established to be autodetachment, 19, 20 in which a very low energy electron is emitted from the temporary negative ion created by the pump pulse. However, other channels are energetically accessible: (2) 
II. EXPERIMENTAL METHOD
Photodepletion (absorption) and photofragment action spectra were conducted in a Bruker AmaZon Ion Trap mass spectrometer at the University of York that has been custom-modified for performing laser spectroscopy. 34, 35 The I − ·U clusters were generated by electrospraying solutions of uracil and iodide in deionized water (nucleobase solutions were 1x10 -4 mol/dm 3 , mixed with droplets of the t-butyl ammonium iodide (TBAI) at 1x10 -2 mol/dm 3 ). All chemicals were purchased from Sigma Aldrich and used without further purification. The I − •U clusters were massselected and isolated in the instrumental ion-trap prior to laser irradiation. The photofragment ion intensity was then recorded using the normal functions of the mass spectrometer. UV photons for the photofragmentation experiment were produced by a Nd:YAG (Continuum Surelite) pumped optical parametric oscillator (OPO) (Continuum Horizon), producing ~2 mJ across 225-310 nm.
The spectral resolution is determined by the laser step size (1 nm or ~0.018 eV in the mid-spectral region) for the action spectra presented here. All spectra are corrected for laser power.
The femtosecond time-resolved photoelectron imaging apparatus at Berkeley has been described in detail previously. 36 
III. RESULTS
The negative ion electrospray mass spectrum of the mixed I − + U solution is displayed in probe delays, and it is attributed to autodetachment resulting from excitation at the pump energy. [19] [20] [21] A sharp feature B is observed at eKE= 0.55 ± 0.06 eV. Its intensity at negative delay time, in which the probe pulse arrives before the pump pulse, is zero and increases for positive delays until it reaches a plateau. Based on its kinetic energy and narrow peak width, we can readily assign feature B to photodetachment of I − by the probe pulse. The contour plot of background-subtracted signal for feature B is shown in Fig. 3 . A very weak feature C is observed near 3.5 ± 0.1 eV eKE, and its intensity is also time-dependent. This feature is assigned as photodetachment from the DBS by the probe pulse, which has been examined in detail previously. 21 Although the probe pulse is sufficiently energetic to photodetach the [U-H]ˉ anion, no evidence for this species is seen in either with an increased set of diffuse functions for iodide [40] [41] [42] (MP2/aug-cc-pVDZ-(pp)). The optimized structure was used in the EOM-CCSD calculation. All calculations were performed using the Gaussian 09 program. 43 Table 1 The long time constants for I − formation and their drop with increasing pump energy suggest a statistical decay channel; a possible overall mechanism is internal conversion from the excited I·U* − state to a highly vibrationally excited I − ·U ground state that decays to I − + U. This process should be amenable to a statistical treatment such as RRKM theory. 44, 45 It is thus useful to carry out RRKM calculations of the dissociation rate at the two excitation energies and compare these results with our experimental values.
According to RRKM theory, the microcanonical reaction rate constant for a given energy depends on the sum of states of the transition state, , and the density of states of the reactant, , as expressed in Equation 4. Here, E is the total maximum energy provided to the system (pump pulse), and E0 is the difference in energy between the zero-point energy (ZPE) of the reactant and transition state.
The reactant species was taken to be the electronic ground state I − ·U configuration.
Calculations by Takayanagi and co-workers 31 find that dissociation of I − ·U clusters to I − + U proceeds without an exit barrier with a reaction endothermicity of 0.97 eV, calculated at the CAM-B3LYP/aug-cc-pVDZ+ (H:2s2p) level of theory. Since this barrierless potential does not have a distinct transition state on the potential energy curve (Fig. S4 ), we employed a variational transition state theory approach 46 by calculating the rate constants along the reaction path to locate the transition state that gave the minimum rate constant. The dissociation potential energy curve was calculated by selecting the I-N1 distance as the reaction coordinate (Fig. S4) . Geometry optimizations and vibrational frequency calculations were performed at each I-N1 distance from 2 Å to 20 Å at increments of 0.25 Å and at increments of 0.05~0.1 Å near the transition state. All The sum and density of states were calculated by implementing the Beyer-Swinehart direct count algorithm with the Stein-Rabinovitch modification 48 for the sum and density of states from the vibrational and rotational frequencies of each species, including explicit treatment for hindered internal rotors. 49 The barrier height and symmetry for hindered internal rotors were calculated by performing relaxed potential energy scans in Gaussian 09 at the MP2/aug-cc-pVDZ level across the rotational movement in increments of 10°.
As shown in Fig. S5 , the dissociation rate constant declines when the I-N1 distance is smaller than 9 Å and increases when the I-N1 distance is greater than 9 Å, so the transition state structure used was the optimized geometry for when I-N1 is 9 Å (Fig. S4) . At an I-N1 distance of According to the photofragment action spectra (Fig. 1) , I − and [U-H] − production exhibits maxima around 4.0 eV and 4.8 eV. EOM-CCSD calculations (Table 1) At 4.72 eV, it is quite straightforward to put forth such a mechanism. Our calculations indicate that when the I − ·U binary cluster is excited at 4.72 eV, the -* transition of uracil dominates. This -* transition produces an excited state with an electronic configuration of I − (5p 6 )U( 3 * 1 ). Internal conversion could occur from this -* excited state to the ground state configuration I − (5p 6 )U( 4 * 0 ), i.e. the electron in the * anti-bonding orbital falls back to the orbital in the electronic ground state. Experiments on gas phase uracil have shown the internal conversion following -* excitation could occur within ~1 ps, [50] [51] [52] [53] leaving uracil in a vibrationally excited electronic ground state, and one expects a similar time constant in IˉU. Upon internal conversion, the highly vibrationally excited cluster can evaporate iodide, whose presence is readily seen in our TRPEI experiment. While it would be desirable to detect decay of the hot IˉU as it dissociates to Iˉ + U, the VDE of this complex is likely to be similar to that of the cold complex (4.11 eV), which is considerably higher than the probe photon energy. The overall proposed mechanism is given by Equation 5. IˉCH3CN where no such conversion to a VB state occurs. 55 Based on these considerations,
is likelier route to Iˉ production than Equation 7.
Our previous time-resolved experiments 21 showed that at a pump energy of 4.00 eV, signals associated with IUˉDBS and IUˉVBS exhibited biexponential decay with time constants of 8.5 and 200 ps for the DB complex and 16 and 460 ps for the VB complex. The fast decays in both cases were attributed to autodetachment from the complex, but since both fast time constants are considerably shorter than the Iˉ appearance time of 86 ps, it is possible that they represent backtransfer to form vibrationally hot IˉU, which then dissociates, particularly in the case of the VB complex.
In comparing the results obtained here around 4.7 eV to our earlier time-resolved experiments in this energy range, it is important to understand whether one or two photoexcitation channels are operative. The results here clearly show that -* excitation leads to fragmentation to Iˉ. Our previous results using pump energies from 4.6-4.9 eV and a 790 nm probe pulse indicated prompt formation of an IUˉVBS complex whose lifetime with respect to autodetachment is 410 fs. 19, 21 We attributed formation of this complex to capture of the electron photodetached from the Iˉ into the empty * orbital on the uracil, essentially a two-step process as opposed to direct optical excitation into the  * ; the latter is indeed shown to be very weak in the EOM-CCSD results in Table 1 . Nonetheless, as pointed out in our first paper in this series, 19 Here, - * excitation on the uracil is followed by electron transfer from the iodide into the empty  orbital. This mechanism is appealing because it implies that only a single photoexcitation process occurs around 4.7 eV. However, the instantaneous appearance of the IUˉVBS complex means that the electron transfer step would have to be exceedingly fast, i.e. less than 50 fs. While this cannot be ruled out, it seems unlikely given the negligible spatial overlap between the HOMO on the Iˉ and the  MO on the uracil. Moreover, autodetachment signal characteristic of the IUˉVBS complex remains strong out to 5.3 eV, well beyond the -* band in Fig. 1b . It would thus appear that two photoexcitation pathways are operative around 4.7 eV, but a more quantitative theoretical treatment is needed to sort out this issue. 
VI. CONCLUSIONS
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